Abstract-In this letter, a low-complexity waterfilling-based power allocation (PA) technique, incorporated within the proportional fairness scheduler, is proposed and applied to a non-orthogonal multiple access (NOMA) scheme in a cellular downlink system. The aim of the proposed joint PA and scheduling scheme is to maximize the achieved average throughput through a quasi-optimal repartition of the transmit power among subbands, while guaranteeing a high level of fairness in resource allocation. Extensive simulation results show that the proposed technique enhances both system capacity and user fairness, when compared to either orthogonal signaling or NOMA with static PA.
I. INTRODUCTION
W ITH the proliferation of smart and Machine-to-Machine devices, it is expected that by 2021 the mobile traffic volume will be almost 10 times larger than today's [1] . To satisfy such constraints, NOMA has recently emerged as a promising candidate for future radio access. NOMA allows the cohabitation of multiple users per subband at the transmitter side, on top of the Orthogonal Frequency Division Multiplexing (OFDM) layer, and relies on Successive Interference Cancellation (SIC) [2] , [3] at the receiver side.
Most of the papers dealing with NOMA consider the proportional fairness (PF) scheduler as a multiuser scheduling scheme [4] , due to the good tradeoff between total user throughput and user fairness it provides. Regarding PA algorithms, equal power repartition among subbands is adopted in most cases while different multiuser PA schemes are proposed in order to distribute power among users within a subband [2] , [4] . There are a few exceptions such as in [5] , where a mixed combinatorial non-convex optimization problem for the maximization of the weighted sum throughput was solved using monotonic optimization, and the resulting optimal power and subcarrier allocation policy has served as a performance Manuscript received December 1, 2016; revised January 26, 2017; accepted January 27, 2017. Date of publication February 7, 2017 ; date of current version April 7, 2017 . This work was supported in part by the European Union through Horizon 2020 Project FANTASTIC-5G under Grant ICT-671660, and in part by Lebanese University. The associate editor coordinating the review of this paper and approving it for publication was Z. Ding benchmark due to its high computational complexity. The novelty of this letter resides in the low-complexity incorporation of an inter-subband waterfilling-based PA scheme within the PF scheduler. In [2] , power is maintained constant for all subbands, but an optimal PA method based on iterative waterfilling (WF) is used to allocate power among scheduled users on each subband. However, the authors state that a degraded achievable throughput occurs since the WF principle is not considered for subband allocation. The remainder of this letter is organized as follows. We present the system description in Section II. Our proposed multiuser scheduling and PA scheme is detailed in Section III. The performance of the proposed scheme is evaluated in Section IV, and conclusions are drawn in Section V.
II. SYSTEM DESCRIPTION In this letter, a downlink system with a Single Input Single Output (SISO) antenna configuration is considered. It consists of K users per cell, with a total system bandwidth B divided into S subbands, and a maximum allowable transmit power P max by the Base Station (BS). Among the K users, a set of users U s = {k 1 , k 2 , . . . , k n , . . . , k n(s) }, is selected to be scheduled over each frequency subband s, (1 ≤ s ≤ S). n(s) indicates the number of users non-orthogonally scheduled on subband s. A SIC process is conducted at the receiver side, and the optimum order for user decoding is in the increasing order of the users' channel gains [4] normalized by the noise and inter-cell interference h 2
is the equivalent channel gain between user k n and the BS, at subband s, and n s,k n the average power of the Gaussian noise plus inter-cell interference received by user k n . Assuming successful decoding with no SIC error propagation and random inter-cell interference considered as white noise [2] , the achievable throughput for user k n , at subband s, R s,k n , is given by:
The PA constraint is represented by the following equation, where P s denotes the amount of power allocated to subband s.
III. MULTI-USER SCHEDULING AND POWER ALLOCATION The adopted scheduling policy and PA algorithm affect system efficiency and user fairness. In our previous work [6] , fairness was achieved by setting user target rates, in the context of bandwidth minimization. This could be inconvenient for 2162-2345 c 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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certain services where users are not supposed to be granted pre-defined values for data rates. Therefore, in this letter, we use the PF scheduler to achieve fairness. In the PF scheduler, the allocation of each subband requires the estimation of a scheduling metric for each possible user candidate (in OS) or candidate set (in NOMA). These estimations call for rate calculations which, in turn, require the power levels to be predicted on the considered subband, for each candidate. This becomes problematic as the number of subbands and/or users increases. To circumvent the power estimation problem, all previous works dealing with PF scheduling assumed equal power distribution between subbands, thus preventing intersubband power optimization. Indeed, WF, in its classical formulation, cannot be directly used within the PF, since this would require performing a separate WF procedure, for each attributed subband and each candidate set, leading to a prohibitive complexity. On the contrary, in [6] , setting a priority scheme allowed us to avoid the high number of tests necessary to determine the best candidate for each subband, on the one hand, and allowed the incorporation of more elaborate power allocation schemes, on the other hand. The current work aims at introducing a low-complexity iterative WF technique that allows the incorporation of the WF sub-optimal solution proposed in [6] and [7] within the PF, and therefore enhances its performance.
A. Proportional Fairness Scheduler
The objective of the PF scheduler [8] is to ensure balance between cell throughput and user fairness. This scheduling policy has been adopted in the majority of papers dealing with NOMA [2] , [4] . The scheduler keeps track of the average throughput T k (t) of each user in a past window of length t c , where t c defines the throughput averaging time window (number of subframes). T k (t) is defined as:
where R s,k (t) represents the throughput of user k on subband s, at time instance t. It is calculated based on (1), and can amount to zero if user k is not scheduled on subband s. For a subband s under consideration, the PF metric is estimated for each possible combination of users U, and the combination that maximizes the PF metric will be denoted by U s :
Since all possible combinations of candidate users are tested for each subband, a user might be selected more than once and attributed multiple subbands during the same time slot. However, it can also happen that a user will not be allocated any subband. In this case, its historical rate in the following time slots will tend to be low and hence, based on the PF metric, such user will have more chance to be selected for allocation afterwards.
B. Proposed Power Allocation Scheme
We propose in this section a new low-complexity waterfilling-based PA technique that predicts the waterline level recursively from the previous level (at the allocation stage i) and from the channel gain of the consideredİstrongest user scheduled on the current subband. Indeed, maximizing the achieved throughput through an optimal sharing of the total transmit power among subbands can be achieved if [9] :
where S A (i) is the set of allocated subbands at allocation stage i, W(S A (i)) the corresponding waterline at stage i, and h 2 s,k * the channel gain of user k * showing the highest channel gain among scheduled users on subband s. During the allocation process, the total transmit power P max is distributed, at each stage, among allocated subbands based on (5), resulting in:
Since the same amount of total power is redistributed each time the scheduler allocates a new subband denoted by s new , the waterline level is updated by W(S A (i + 1)) only if
(S A (i)), otherwise it keeps its previous value

W(S A (i)).
In case the waterline is updated, P max is distributed at stage i + 1 as follows:
If we denote by N(i) the number of subbands in the set S A (i), (6) can be re-written as:
Hence, by comparing (7) and (8), we obtain:
Therefore, the waterline at stage i + 1 can be formulated as: Fig. 1 shows the main steps of the proposed resource allocation technique that incorporates the introduced waterfilling PA within the PF. For each new subband s new considered for allocation, Eq. (10) is applied for every possible candidate set of users, U, while taking into account user k * showing the highest channel gain among users in the set U, over s new . Once the waterline level at the current stage, i + 1, is determined, power is then estimated for U as P s new |U using:
Afterwards, P s new |U is divided among scheduled users in the set U based on the chosen intra-subband PA technique, e.g., FTPA, the scheduling PF metric is calculated for each U and the best set U s is selected based on (4). Note that, at each allocation step, the power estimation using (11) is performed only for subband s new in order to choose the best candidate user set, i.e., there is no need to update the provisional powers on the previously allocated subbands. The complete PA is performed only at the end of the scheduling process, after all subbands have been attributed, using the final waterline level, to yield the final power levels on all subbands.
IV. NUMERICAL RESULTS
A. System Model Parameters
The performance of the proposed scheduling techniques are evaluated using the LTE/LTE-Advanced specifications [10] . The maximum BS transmission power is 46 dBm. The system bandwidth is 10 MHz divided into 8, 16, 32, 64, or 128 subbands, with a carrier frequency of 2 GHz. The noise power spectral density is 4.10 −18 mW/Hz. Users are randomly deployed in a cell of radius 500 meters, with a minimum distance of 35 meters between users and BS. Distance-dependent path loss is considered with a decay factor of 3.76. The Extended Typical Urban (ETU) channel model is used, with a mobile velocity of 50 km/h. Perfect channel estimation is assumed. Without loss of generality, in our evaluations, the maximum number of scheduled users per subband is 2 (n(s) = 2).
B. Performance Evaluation
First, two system-level performance indicators are used for evaluation: achieved system capacity and user fairness. The latter is estimated using the Gini fairness index [11] defined as:
where r k is the total achieved throughput of user k averaged over a time-window length t c . G takes values between 0 and 1, where G = 0 (resp. G = 1) corresponds to the maximum (resp. lowest) level of fairness among users. In order to evaluate our proposed PA scheme for NOMA, we compared it with an OS-based system, and with a NOMA system using EP repartition among subbands followed by an intra-subband PA based on FTPA. OS system can be regarded as a special case of NOMA where n(s) = 1. Note that in the NOMA case, some subbands can also be assigned to single users, leading to a hybrid scheme, such as in [4] and [7] . Fig. 2 shows the achieved system throughput in terms of K, with a number of subbands equal to 128. The throughput increases with the number of users per cell, for all the simulated methods. In fact, when K increases, the scheduling schemes exploit the multi-user diversity more efficiently. Simulation results show that the proposed NOMA system always outperforms the OS-based system.
When compared to an equal inter-subband PA algorithm, our proposed PA scheme shows improved performance regardless of K, in the NOMA case as well as in the OS case. For the NOMA case, the gain in throughput can reach 5 Mbps for 5 users per cell, i.e., 1 Mbps per user.
A comparison of our proposed scheme with the optimal solution described in [6] , and incorporated within the PF, shows that the gap between the two methods is generally 1%. Fig. 3 shows the Gini metric as a function of K. Fairness is significantly improved when power is dynamically distributed among subbands, independently of the access technique (OS or NOMA). However, the fairness level of NOMA is better than that of OS case. In fact, in NOMA, users having a low channel gain are given the possibility of being paired (as second users) with other users on certain subbands, and are in this case attributed a power level higher than that of the users close to the center of the cell. On the contrary, when PF scheduling is used with OS, only one user is scheduled on each subband, therefore depriving cell-edge users from having access (as second users) to a significant number of subbands that can significantly increase their achieved data rate. From this perspective, we can see that NOMA is fairer to users than OS, since it compensates for the distance effects on the user channel quality by offering appropriate power levels.
The proposed PA scheme is also compared with an alternative method where equal inter-subband PA is considered within the PF scheduling process (to assign all subcarriers) and WF is only applied once at the end to determine the final power levels. This method (see Fig. 2 and Fig. 3 ) shows degraded performance with respect to the integrated WF process. This is due to the fact that users experiencing bad channel conditions but having low historical rates can be considered by the EPbased PF as having high priority on certain subbands. When applying WF at the end of the allocation, such users will be allocated a low level of power (depending on their channel gains), leading to a low spectral efficiency. The incorporation of WF within the PF allows avoiding such cases. Fig. 4 shows the achieved system throughput as a function of S, for 10 users per cell. We can see that the proposed joint PA and scheduling scheme outperforms the classical NOMA PF even when the number of subbands is limited. As for the long-term fairness presented in Fig. 5 , the gain of the proposed PA technique compared to the EP repartition is almost constant for NOMA, regardless of S.
From a complexity point of view, the proposed joint scheduling scheme differs from the classical PF in the waterline calculation and the power estimation step for each candidate user set. Our proposed technique increases the PF computational load by 2SK + 2S(C 2 K + C 1 K ) multiplications and 3S(C 2 K + C 1 K ) additions. As for classical NOMA PF, the calculation of the PF metric in (4) depends on the number of multiplexed users in the candidate user set. The classical NOMA PF requires a total of 3KS+C 1 K S(4+S)+C 2 K S(13+2S) multiplications and C 1 K S(1 + 3S/2) + C 2 K S(6 + 3S) additions. When it comes to the optimal solution [6] , since it includes a numerical solver, it is not possible to compare its complexity towards that of the suboptimal method in terms of the number of additions and multiplications. Instead, a measure of the average execution time of one complete allocation cycle (i.e., in one timeslot), for the case of 10 users per cell and 8 subbands, yielded 182745 ms for the optimal solution and 68 ms for the proposed suboptimal scheme.
V. CONCLUSION
In this letter, we have proposed a low-complexity waterfilling-based PF scheduling scheme. Simulation results show that the proposed scheme allows an increase in the total user throughput and in the system fairness, when compared to an OS-based system and to a NOMA system considering an equal power repartition among subbands. The study conducted here with two scheduled users per subband can be easily adapted to a larger number of paired users.
